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Edited by Peter BrzezinskiAbstract UV spectroscopy demonstrated that chicken mononu-
cleosomes bind Co(II) and Zn(II) ions at submicromolar concen-
trations in a tetrahedral mode, at a conserved zinc ﬁnger-like
site, composed of Cys110 and His113 residues of both H3 mol-
ecules. Neither of these metal ions substituted for another, indi-
cating a limited binding reversibility. Molecular modeling
indicated that the tetrahedral site is formed by unhindered rota-
tions around Ca–Cb bonds in the side chains of the zinc binding
residues. The resulting local rearrangement of the protein struc-
ture shields the bound metal ion from the solvent, explaining the
observed lack of reversibility of the binding. Consequences of
these ﬁndings for zinc homeostasis, metal toxicology and nucleo-
somal regulation are discussed.
 2007 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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The nucleosome, the basic structural element of chromatin,
is a protein–DNA complex composed of eight histone mole-
cules (two copies each of H2A, H2B, H3, and H4), and a
DNA stretch of 146–147 base pairs. The protein component
of the nucleosome forms a tripartite structure, composed of
the central (H3–H4)2 tetramer and two H2A–H2B dimers.
This structure, which possesses a dyad symmetry axis, provides
a scaﬀold for ca. two loops of double-helical DNA [1,2].
Nucleosomes aggregate orderly into higher order structures,
eventually forming chromosomes. Until recently, histones were
treated as purely structural chromatin components. The last
decade brought, however, abundant evidence for their active
participation in the regulation of gene expression, by means
of sequence-speciﬁc posttranslational modiﬁcations, which
alter the accessibility of speciﬁc stretches of DNA and the
docking of transcription factors [3].
Considering the abilities of the nucleosome to bind metal
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metal binding sites, which can be measured in vitro, but will
be irrelevant for speciﬁc interactions in vivo. Such in vitro bind-
ing was indeed found for Hg(II) and Ag(I) ions on the basis of
CD experiments [4]. Later, similar interactions of Zn(II),
Co(II), Ni(II) and Cu(II) ions with nucleosomes isolated from
mouse livers were studied quantitatively. Low and nearly uni-
form dissociation constants within the 10–100 lM range were
obtained for all these ions [5,6]. Cu(II) ions can form stronger
complexes with isolated DNA, by bonding to nucleobase
nitrogens [7], but such interaction seems to be discouraged in
the nucleosome [6]. The biologically relevant interaction with
base nitrogens of DNA is achieved in vivo by anticancer com-
plexes of heavier elements, such as Pt(II) or Ru(III) [8,9]. These
agents do not, however, discriminate between nucleosomal and
internucleosomal DNA.
The binding sites for Zn(II), Co(II), Ni(II), Cd(II) and other
biologically or toxicologically important metal ions, having
aﬃnities suﬃciently high to make them relevant, should there-
fore be provided by the protein component of the nucleosome.
We reviewed human histone sequences with respect to the
binding of toxic Ni(II) ions [10]. This analysis identiﬁed only
two potential sites, one spanning residues 110–113 of histone
H3 (the –CAIH– motif), and another involving residues 121–
124 of histone H2A (the –ESHH– sequence). Two H2A mole-
cules are separated in the nucleosome structure, and therefore
their –ESHH– sequences can only act independently of
each other [1]. Another two-histidine metal binding sequence,
–HIH– was discovered on the surface of the nucleosome con-
taining the variant histone H2A.Z [11]. The –HIH– sequences
of two H2A.Z molecules are also isolated from each other. In
contrast, the –CAIH– motifs of two H3 copies are adjacent to
each other, being located in the vicinity of the symmetry axis of
the nucleosome structure.
We studied the Ni(II) binding properties of –CAIH– and
–ESHH– sequences systematically, starting with their oligo-
peptide models, CH3CO-Cys-Ala-Ile-His-NH2 tetrapeptide
[12,13] and CH3CO-Thr-Glu-Ser-His-His-Lys-NH2 hexapep-
tide [14,15]. Subsequently we elevated our studies to the pro-
tein level, using the (H3–H4)2 tetramer [16], and histone
H2A in vitro [15] and in vivo [17]. We observed that the tetra-
meric structure bonded Ni(II) ions with a much higher aﬃnity
than the oligopeptide model, although the same thiol groups of
Cys110 residues were involved [16]. This fact attracted our
attention to the –CAIH– sequence as a potential Zn(II) bind-
ing site, especially as we found that the –ESHH– sequence
binds Zn(II) ions poorly [15,18]. Very interestingly, it was dem-
onstrated that, despite being located inside the histone octamerblished by Elsevier B.V. All rights reserved.
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ble to the large Hg(II) ion in histone octamer crystals soaked in
a mercury salt solution [19]. Similarly, the Mn(II) ion pene-
trated the interior of crystallized nucleosome core particles
(NCP) containing a histone H3 mutant, and formed simulta-
neous bonds with Nd atoms of both His113 residues [20].
The potential SSNN donor atom set of the double histone
H3 site (in short H3/H3) resembles those of classical Cys2His2
zinc ﬁngers [21]. This fact was recognized soon after the dis-
covery of zinc ﬁngers, as documented by an exchange of notes
between Saavedra and Berg [22]. Saavedra went on to discuss a
potential mechanism of interaction of the H3/H3 site with zinc
ﬁnger transcription factors (TF), involving a formation of ter-
nary H3/H3–Zn–TF complexes [22]. Unfortunately, no dedi-
cated experimental studies followed this interesting concept.
Building upon the above facts, we decided to study the
accessibility of the H3/H3 site to Zn(II) ions in intact nucleo-
somes, as a realistic model of chromatin, suitable for UV spec-
troscopic studies. We used chicken liver as the nucleosome
source, because Cys110 in H3 is the only Cys residue in chick-
en nucleosomes, thereby simplifying the data analysis [1]. We
used Co(II) ions as isostructural spectroscopic probes for
Zn(II). This approach proved successful in numerous studies
of metal ion binding to zinc ﬁngers and other zinc-containing
proteins [24–27].2. Materials and methods
2.1. Chemicals, proteins, enzymes
Histone from calf thymus (Type II histone mixture), micrococcal
nuclease (MNase), Tris–HCl, phenol, sucrose, Igepal, Na butyrate,
Na2EDTA, ZnCl2 were purchased from Sigma. NaCl, CaCl2 and
CoCl2 were obtained from Merck. PMSF was obtained from Fluka.
Agarose was purchased from BioWhittaker Molecular Applications
(BMA). The Generuler 100 bp DNA ladder was purchased from Fer-
mentas. PBS was obtained from Biomed, Poland, and chloroform
from POCH, Poland.
2.2. Puriﬁcation of chromatin
Freshly frozen chicken livers were used as a source of chromatin. Nu-
clei were prepared according to O’Neill and Turner [28] with slight
modiﬁcations. The tissue was sliced with a scalpel blade, washed three
times in ice-cold PBS containing 5 mM Na butyrate and manually
homogenized in a glass homogenizer using A pestle. Next, the cells were
ﬁltrated on a nylon mesh. The homogenate was then centrifuged at
1200 · g for 20 min at 4 C. Cell pellets were resuspended in the TBS
buﬀer (10 mM Tris–HCl at pH 7.5, 150 mM NaCl, 3 mM CaCl2,
2 mM MgCl2, 5 mM Na butyrate at pH 8.0) and an equal volume of
0.2% Igepal in TBS was added. After stirring in this lysis buﬀer at
4 C for 1 h, the cell suspension was homogenized using B pestle. The
homogenate was centrifuged at 1200 · g for 20 min at 4 C and the pel-
let obtained was resuspended in 25% sucrose in TBS and underlayered
with 50% sucrose in TBS. After the centrifugation (1500 · g for 20 min
at 4 C) the nuclear pellet was washed once with 25% sucrose in TBS
and dialyzed against the digestion buﬀer, TBS containing 0.1 mM
PMSF. The chromatin thus obtained was digested with 10 U of MNase
per 100 lg DNA for 30 min at 37 C in 10 mM Tris–HCl, pH 7.5, con-
taining 3 mM CaCl2 and 2 mM MgCl2. The digestion was terminated
by adding 5 mM Na2EDTA, following clariﬁcation by centrifugation.
These chromatin preparations were analyzed on agarose gels [29] to
determine the extent of micrococcal nuclease digestion.
2.3. Mononucleosome fractioning
Samples of digested chromatin were layered onto a 12 ml linear su-
crose gradient (10–45% w/v) containing TBS and 0.1 mM PMSF. The
centrifugation was carried out in the SW 41 Ti rotor (Beckman) at 4 C
for 22 h at 35000 rpm. Fractions of 400 ll were collected from the topsof the tubes. Aliquots of 200 ll of each fraction were treated with phe-
nol:chloroform (1:1). Then the DNA in these fractions was separated,
precipitated, dried and resuspended in water according to standard
procedures [29]. The length of these DNA fragments was analyzed
on 1.5% agarose gels versus the Generuler 100 bp ladder. Fractions
containing pure mononucleosomes were identiﬁed by single DNA
bands migrating in the middle of the distance between the 100 bp
and 200 bp marker bands. These fractions were combined, dialyzed
against 100 mM Tris–HCl, pH 7.5 for 24 h and concentrated in
50000 MW cutoﬀ Centricon ﬁlter devices to 500–900 nM concentra-
tions, depending on the batch. The gel electrophoresis of mononucle-
osomal proteins was carried out on 12.5% SDS–polyacrylamide gels
[29], using the standard Type II histone mixture as a control. A correct
pattern of histones was obtained. Mononucleosomes were stored at
4 C until used (not longer than 48 h).2.4. UV–vis spectroscopy
All studies were done on pure mononucleosome fractions in 100 mM
Tris buﬀer, pH 7.4. The UV–vis spectra were measured for mononucle-
osome concentrations of 250 nM (determined from A260 [27,29]), and
1–10 lM amounts of CoCl2 or ZnCl2 (from 1 mM stock solutions in
the same buﬀer), on a Cary 50 Bio spectrophotometer in 1 cm cuvettes.
Each spectroscopic experiment was performed three times. Higher con-
centrations of nucleosome preparations were not stable, and substan-
tial precipitation was seen upon the addition of metal chlorides. The
spectra of a solution of 0.5 mM Co(II) and 1 mM synthetic CH3CO-
Cys-Ala-Ile-His-NH2 peptide [12] in 100 mM Tris buﬀer, pH 7.4 were
collected in 10 mm and 1 mm optical pathway cuvettes.2.5. Molecular modeling calculations
The calculations were performed with the aid of X-Plor software
using the parallhdg parameterization for both topology and forceﬁeld
and applying the simulated annealing strategy [30,31]. According to
previous studies [10,12,13,16,19–22], Cys110 and His113 residues were
assumed to participate in Zn(II) binding. The source forceﬁeld was
modiﬁed to describe S–Zn and N–Zn bonds of the lengths 2.3 A˚ and
2.0 A˚, respectively [32]. In the case of His113 residues two alternative
coordinating imidazole ring nitrogen atoms (Nd1, Ne2) were analyzed.
Additional bond angle constraints were introduced to preserve the sp3
hybridization of the Cys110 Sc atom (Zn–Sc–Cb bond angle of 112),
and the sp2 hybridization of nitrogen atoms in the histidine imidazole
ring (Zn–Nd1–Cc, Zn–Nd1–Ce1, Zn–Ne2–Cd2 and Zn–Ne2–Ce1 bond
angles of 108). The Zn(II) ion was kept in the imidazole ring plane by
pseudodihedral constraints, and its tetrahedral coordination was de-
ﬁned by introducing six additional bond angles (S–Zn–S, N–Zn–N,
and four S–Zn–N). In order to mimic the ﬂexibility of Zn(II) coordina-
tion, the weights for the latter constraints were relatively low (30 kcal/
mol/deg). Formal atomic charges were set to 0 for Zn(II) and Sc to
mimic the dislocation of charge from the donors to the metal ion.
The initial structures for calculations were based on the PDB record
1hq3/r1hq3sf [33]. Two Leu100-Ala135 fragments of the histone H3
dimer were cut from the protein context and subjected to the simulated
annealing procedure. Initially, the Zn(II) cation was placed just be-
tween two Cys110 Sc atoms, and the set of four appropriate bonds
involving the Zn(II) ion were deﬁned for the system. Taking into ac-
count the symmetry of the studied protein fragment, three binding
topologies were analyzed, with respect to His113 nitrogen donors:
two symmetric cases in which Zn(II) was coordinated by either Nd1/
Nd1 or Ne2/Ne2 pairs, and one of two equivalent asymmetric cases,
with Zn(II) coordinated by an Nd1/Ne2 pair. In all these structures
two Cys110 Sc atoms completed the coordination sphere. Addition-
ally, the Val101-His113 and Pro121-Arg131 fragments were kept in
the helical conformation, by restraining O(i)-N(i + 4) distances accord-
ing to the canonical hydrogen bonding pattern.
These initial structures were subjected to the simulated annealing
procedure. Upon high temperature cycles the coordinates of backbone
heavy atoms in the helical regions (Val101-Ala111 and Pro121-
Arg131) were ﬁxed, but some of them (Asn108-Ala111) were released
during cooling down periods. The structures were ﬁnally tuned by
energy minimization, with conformations of four helical regions con-
strained. For each of the three initial structures a series of 100 random-
ized simulated annealing calculations was performed, giving an
ensemble of trial conformers. All these 300 roughly optimized struc-
tures were sorted according to their total conformational energy, and
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topology. All structures modeled were visualized and analyzed with the
aid of MolMol software [34].Fig. 2. Diﬀerence spectra, corrected for dilution, of 0.25 lM chicken
liver mononucleosomes in 100 mM Tris buﬀer, pH 7.4, demonstrating
the eﬀect of additions of 5 lM CoCl2 (black), 5 lM CoCl2 followed by
5 lM ZnCl2 (red), 5 lM ZnCl2 (green) and 5 lM ZnCl2 followed by
5 lM CoCl2 (blue).3. Results
3.1. Spectroscopy
The mononucleosomal fractions used in the experiments
were essentially metal-free, as the termination of digestion with
5 mM EDTA led to the removal of any hypothetical Zn(II) or
other similar metal ions from digested chromatin preparations
[35]. Spectroscopic experiments were performed in two modes.
In mode I micromolar portions of CoCl2 solutions were added
stepwise to the nucleosome preparations, followed by equimo-
lar additions of ZnCl2 solutions, in mode II ZnCl2 was added
ﬁrst, followed by CoCl2. Fig. 1 presents an example of such
titration, according to mode I. Due to a low magnitude of ef-
fects of metal ions compared to the background nucleosome
absorption, diﬀerence spectra corrected for dilution were used
to visualize the spectral eﬀects better. Fig. 2 presents represen-
tative examples of spectra obtained according to modes I and
II. Mode I experiments yielded changes in near and far UV
spectral regions upon Co(II) additions. Additions of equimolar
or higher amounts of ZnCl2 did not abolish these spectral pat-
terns.
The total concentrations of Zn(II) and Co(II) of ca. 10 lM
or higher caused a partial precipitation of nucleosomes, seen
in the decrease of total absorption at 260 nm, and the forma-
tion of opalescence of solutions. The diﬀerence spectra re-
ﬂected this eﬀects by a continuous elevation of absorption at
wavelengths shorter than 300 nm.
Mode II experiments yielded only marginal amounts of
Co(II)-dependent spectral patterns, compared to those ob-
tained in mode I. Fig. 3 compares the diﬀerence spectrum of
Co(II)-loaded mononucleosomes with that obtained for a
1 mM solution of the CH3CO-Cys-Ala-Ile-His-NH2 peptide
in 100 mM Tris buﬀer, pH 7.4, containing 0.5 mM CoCl2.
The parameters of the latter spectrum, expressed as k (nm)/e
(M1 cm1), are as follows: 652sh/250; 628/280; 586sh/170;
346sh/850; 309sh/1270; 287/1900 (sh denotes a shoulder).Fig. 1. UV–vis spectra of 0.25 lM chicken liver mononucleosomes in
100 mM Tris buﬀer, pH 7.4, titrated with a CoCl2 solution to ﬁnal
concentrations of 1, 2, 3, 4 and 5 lM, and subsequently with a ZnCl2
solution to ﬁnal concentrations of 5 and 10 lM. The arrow shows the
direction of changes.
Fig. 3. A variable scale comparison of the diﬀerence spectrum of
0.25 lM chicken liver mononucleosomes in 100 mM Tris buﬀer, pH
7.4, containing 5 lM CoCl2 (black), with that of 1 mM CH3CO-Cys-
Ala-Ile-His-NH2 peptide in the same buﬀer, containing 0.5 mM CoCl2
(red). The insert presents the d–d bands of the latter.3.2. Structure calculations
There are 15 Nd–Nd and 5 Nd–Ne Zn(II) binding conﬁgura-
tions among the 20 lowest energy structures, with Nd–Nd
conﬁgurations occupying the ﬁrst ﬁve lowest energy positions.
Ne–Ne structures were found to be strongly disfavored. Gener-
ally it must be concluded that the organization of the H3–H3
dimer permits eﬀective zinc binding in both Nd–Nd and Nd–
Ne forms upon a tiny reorganization of the C-terminus of
the Val101-His113 helix in both chains, accompanied by a
reorganization of Ala114-Ile119 loops separating this helix
Fig. 4. The side and top views of the overlaid 15 lowest energy
structures of the Zn(II) binding site of the nucleosome. The Leu100-
Ala135 sequences of both histones H3 are shown. The Zn(II) ion is
bound by thiolate atoms of Cys110 and imidazole Nd atoms of His113
residues. The variable radius of a tube following the Ca trace of the
average structure reﬂects the RMSD value calculated for heavy
backbone atoms of a given residue. The side chains of Cys110 and
His113 residues are shown in blue and the Zn(II) ion is visualized as a
green sphere.
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tions strongly stabilize Nd–Nd complexes over the Nd–Ne
ones, which, however, exhibit smaller deformations of
Val101-His113 helices than their Nd–Nd counterparts. Fig. 4
presents two views of the 15 lowest energy structures possess-
ing the Nd–Nd conﬁguration, and Fig. 5 provides stereoviews
of the single lowest energy complex structure. Fig. 5a shows
the overlay of the zinc-bonding and the zinc-free protein struc-
tures. It demonstrates that the tetrahedral Zn(II) binding site
can be preformed easily by rotations around Ca–Cb bonds
of Cys110 and His113 residues, which are not hindered by
other residues. In all of the lowest energy structures the Zn(II)
atom is perfectly protected from the accessibility of solvent
molecules, as probed by a spherical 1 A˚ test particle. This pro-Fig. 5. (a) The stereoview of the calculated lowest energy structure of the tetr
H3 (Cys110 and His113 side chains in blue, Ala114-Met120 L2 loops in blue a
of the analyzed fragment [33] (Cys110 and His113 side chains in green, Ala
sphere. (b) The stereoview of the calculated lowest energy structure of the tetr
Leu126 are represented in the spaceﬁll mode to visualise the hydrophobic shtection is provided primarily by side chains of Cys110, His113
and Leu126 residues, as shown in Fig. 5b, in which their side
chains are visualized in a space-ﬁlling manner.4. Discussion
As mentioned above, Cys110 is the only source of thiol sul-
fur in chicken nucleosome. Therefore, the charge transfer (CT)
signature of Co–S bonds at 350, 310, 280, and 240 nm, (Figs. 2
and 3) demonstrated the binding of Co(II) ions to Cys110 res-
idues in a tetrahedral geometry [36]. This interpretation was
conﬁrmed by the spectrum of the Co(II) complex of the model
tetrapeptide, presented in Fig. 3, which demonstrates a similar
CT pattern, and additionally the set of d–d transitions of
Co(II), whose positions and intensities are characteristic for
the tetrahedral coordination geometry [24,25]. The 240 nm
band likely contains a contribution from the imidazole nitro-
gen – Co(II) CT [37].
The Co(II) titrations were terminated by opalescence of
nucleosome solutions. Therefore it was impossible to reach
the saturation of the spectral eﬀects, prerequisite for the Co(II)
binding quantiﬁcation. However, the Co(II) complexes with
zinc ﬁnger peptides/proteins are always much weaker from
the corresponding native Zn(II) complexes, at least 100-fold
[26], and Co(II)/Zn(II) substitution reactions are rather fast
[24–27,38,39]. Therefore, in a reversible system, Co(II) should
be totally, or at least partially replaced by equimolar Zn(II).
This was not the case. The spectral signature of Co(II)–thiolate
bonds was refractory to the presence of equimolar or excessive
Zn(II) ions. However, the accessibility of Cys110 thiols to
Co(II) ions was removed almost completely, when Zn(II) ions
were added to mononucleosomes ﬁrst. Therefore, the binding
of Co(II) and Zn(II) ions at the H3/H3 binding site in chickenahedral Zn(II) complex with Leu100-Ala135 sequences of both histones
nd cyan), compared to the original molecular structure of the apo form
114-Met120 loops in orange). The Zn(II) ion is visualized as a green
ahedral Zn(II) complex in which the side chains of Cys110, His113 and
ell they create around the Zn(II) ion to protect it from the solvent.
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experiments. Whichever ion was added ﬁrst, stayed bound
and could not be replaced by another. This fact can be inter-
preted in terms of kinetic trapping of the metal ion at the bind-
ing site which then becomes more shielded from the solution,
thus preventing metal ion displacement by an competitive
molecular mechanism.
The structural calculations provided the strong support for
the character of the binding site and explained the absence
of the metal ion exchange. The pair of 110Cys-Ala-Ile-His113 se-
quences can form a tetrahedral metal binding site in an unhin-
dered way within the histone octamer structure. Furthermore,
the simultaneous binding of both His113 residues to the metal
ion in adjacent tetrahedral positions drags the short interheli-
cal chains toward each other, producing a ‘‘door-closing’’ ef-
fect that shields the bound ion from the external milieu, as
visualized clearly in Figs. 4 and 5. This feature makes the stud-
ied site a perfect candidate for the long term storage of Zn(II)
ions, as discussed below.
The theoretical metal binding capacity of nucleosomes in hu-
man and other mammalian cells is huge. Human DNA con-
tains ca. 6 · 109 base pairs (bp), and the range for other
mammals sequenced so far is ca. 4.8–5.6 · 109 bp [40,41]. With
one nucleosome per ca. 200 bp [42], 3 · 107 nucleosomal Zn(II)
binding sites can be estimated to be present in any human cell
nucleus. Using a cell nucleus volume of ca. 300 lm3 [42] we can
estimate the formal nuclear concentration of nucleosomes as
ca. 1 mM. Recalculating this over the whole cell volume, with-
in the range of 2000–7000 lm3 for many human somatic cell
types [43] one ends up with a cellular nucleosome equivalent
of 0.04–0.14 mM. This number corresponds strikingly to the
overall Zn(II) contents around 0.1 mM, predicted for most cell
types by the zinc quota concept [44,45].
These considerations lead to two further issues: whether
other metal ions can bind at Cys110 in vivo, and, whether there
are additional factors aﬀecting the availability of nucleosomal
binding sites. Both were in fact addressed, while indirectly,
many years ago. Considering the ﬁrst issue, intranuclear Hg(II)
was detected virtually exclusively in euchromatin in both con-
trol and mercury chloride-challenged mice [46,47]. Similar re-
sults were obtained using cultured rat ﬁbroblasts [48]. The
Hg(II) contents in control mice was one atom per 10000 bp,
while in exposed animals it reached one atom per 1000 bp, cor-
responding to one Hg(II) ion per ﬁve nucleosomes [46]. The
selectivity of binding was demonstrated to depend on the pro-
tein component of chromatin. The mercury contents of iso-
lated euchromatin exposed directly to HgCl2 was one ion per
200 bp (recalculated from original data expressed in lg Hg/
mg DNA) [49]. This corresponds precisely to a full saturation
of nucleosomal binding sites. This speciﬁcity of mercury for
euchromatin leads to the second issue. It is well known that
the two Cys110 thiol groups can be easily oxidized to the disul-
ﬁde bridge in otherwise intact nucleosomes [50]. Heterochro-
matin appears to have Cys110 thiols oxidized, likely indeed
by forming an intranucleosomal disulﬁde bridge, while
Cys110 thiols are certainly reduced and accessible to labeling
agents in euchromatin [51,52]. It seems that the Cys110 redox
status is important for supranucleosomal chromatin structure
[53]. Taking into account the structurally characterized com-
plex of histone octamer with Hg(II) bonded to Cys110 thiols
[19], it seems quite obvious that Cys110 provides the Hg(II)
binding site in vivo as well.With respect to Zn(II) binding, chromatin dialysis studies re-
vealed the pool of tightly bound Zn(II) at the level of ca.
0.1 lg/mg DNA in calf thymus and rat liver nuclei. This pool
was not accessible to EDTA before nuclease digestion, but was
released completely from chromatin digested down to NCP.
On the other hand, fractionation of chromatin digested in
the absence of Zn(II) chelators revealed that Zn(II) was
present exclusively in oligo- and mononucleosomal pools,
and absent in low molecular weight fractions containing inter-
nucleosomal proteins and DNA. Concentration-wise, 0.1 lg
zinc/mg DNA corresponds to one tightly bound Zn(II) ion
per ﬁve nucleosomes [35]. Incidentally or not, the same level
of intranuclear mercury was found in animal exposures. These
results, taken together, seem to indicate that ca. 20% of cellular
zinc stores may reside in nucleosomal binding sites, and, con-
versely, 80% of these sites is either available for further metal
ions or is inactive in the form of heterochromatin, depending
on the cell type and status.
The information presented above prompts us to speculate on
nucleosome-speciﬁc Zn(II) binding and release mechanisms.
While the exact mechanism of partition of histones between
the daughter strands during DNA replication remains uncer-
tain, it is clear that Cys110 thiols in euchromatin become
accessible early in the S phase of cell cycle, because the nucle-
osomes undergo disassembly at least down to core tetramers
then [53]. In our Ni(II) study we demonstrated that Cys110 thi-
ols are easily available for metal ion binding in the (H3–H4)2
tetramer [16]. Therefore, Zn(II) ions might be incorporated
into nucleosomes at S phase. The literature contains further,
albeit indirect indications in favor of the physiological binding
of Zn(II) ions to nucleosomes. In particular, metallothionein
(MT) was shown to translocate to the nucleus just in S-phase,
and thought to deliver zinc to ZF and enzymes [54–58]. In a
recent paper, micro-PIXE maps demonstrated additionally a
very strong colocalization of phosphorus and zinc in cells
undergoing such MT-dependent Zn(II) transport [59]. The
phospholipids of the nuclear membrane were thought to be
this source of phosphorus signal, but nucleosomal DNA seems
to have a higher spatial density of phosphorus than the nuclear
membrane. Therefore, they might have detected a signal of
Zn(II) ions transported to nucleosomes, by MT. An eﬀect of
the diet deﬁcient in zinc on the resistance of rat liver chromatin
sensitivity to micrococcal nuclease was studied [60]. The zinc
deﬁciency was found to decrease the sensitivity of liver nuclear
chromatin to micrococcal nuclease, indicating a structural ef-
fect in chromatin. This indirectly suggests that Zn(II) has a
structural role in chromatin.
We demonstrated that Zn(II) and Co(II) ions bonded to
mononucleosomes are not readily exchangeable. They can be
principally removed by EDTA or similar low molecular weight
chelators, but such are not available physiologically. Instead,
the release of Zn(II) ions from the nucleosomes may be based
on the oxidation of its thiolate ligands. The oxidative mecha-
nism is used physiologically to mobilize zinc from MTs, its
cytosolic storage proteins, and to control biological activities
of zinc-sulfur proteins [26,61,62]. Considering the spatial
limitations around the binding site, the smallest non-ionic oxi-
dants, capable of penetrating protein interiors should be con-
sidered in this respect primarily. Nitric oxide, which has a
high sulfur oxidizing capacity, is a likely candidate for such
a regulator [26]. Also nitrosoglutathione, an intracellular NO
donor should be considered, as it was found to transnitrosylate
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[63]. A ternary complex envisaged by Saavedra [23] is another
valid option for Zn(II) exchange. Further candidates for ter-
nary partners include apo-forms of zinc ﬁnger transcription
factors as proposed originally, MTs mentioned above [64]
and chromatin remodeling proteins [11]. An analogous trans-
fer of metal ions between proteins by means of a ternary com-
plex formation was also documented on the structural level for
Cu(I) [65], which is also a potential competitor for the H3/H3
site.
Regarding the role of the H3/H3 site for zinc homeostasis,
we think that it may be a storage site, a sort of emergency re-
serve for Zn(II)-depending enzymes and transcription factors.
The variable contents of heterochromatin may thus be an
important factor inﬂuencing the distribution of cellular zinc.
The H3/H3 site is also a facile target for those heavy metal
ions that exhibit high aﬃnity to thiols, and can compete with
Zn(II) for zinc ﬁnger binding. In addition to Co(II), demon-
strated above to bind there, to Ni(II), studied by us before in
the (H3–H4)2 tetramer model [16], and to Hg(II) discussed
above, this list includes Pb(II) and Cd(II) ions. Therefore, all
mechanisms proposed [66], and now partially veriﬁed for tox-
icity of metal ions against zinc ﬁnger proteins involved in DNA
repair [38,67] would also be relevant for nucleosomes. If con-
ﬁrmed experimentally, this notion opens a novel area for tox-
icological research.
It is also tempting to consider the potential role of Zn(II)
binding at Cys110 for nucleosome functions. The metal ion
may serve as a modulator of nucleosomal architecture, alterna-
tive to Cys110 disulﬁde formation, which it could prevent or
slow down for some oxidants. We demonstrated that the
presence of stoichiometric amount of Zn(II) provided full
resistance of a zinc ﬁnger peptide against air oxidation and
slowed down the formation of disulﬁde bridge by H2O2 consid-
erably [67]. Also structural and thermodynamic properties of
the nucleosome will likely be aﬀected by tetrahedral metal
ion binding. It aﬀects the plasticity of 114Ala-Lys-Arg-Val-
Thr-Ile119 loops. Among these residues, Thr118 makes a
hydrogen bond with Arg45 of histone H4. This interaction ap-
pears to be crucial for providing resistance to DNA sliding
over the histone core [68]. As a result it is essential for the con-
trol of chromatin remodeling, as shown by studies of SIN mu-
tants, in which either Thr118 or Arg45 were substituted [20].
On the other hand, side chains of residues 115–118 make
numerous contacts with the DNA double helix, forming an
L2 DNA binding motif [1,68,69]. The ‘‘wild-type’’ position
of Thr118, suitable for hydrogen bonding with Arg45 is pre-
served in about 50% of our calculated structures, including
the lowest energy one; half of these display the ‘‘wild-type’’
interaction of His113 with Asp123, important for the forma-
tion of the H3–H4 binding interface. Therefore, the lowering
of the (H3–H4)2 tetramer stability and destabilization of his-
tone–DNA interactions in a SIN-like fashion upon Zn(II)
binding is possible, but not certain. Further experiments and
calculations are needed to clarify this fascinating issue.
The histone tails do not interact with DNA in this area [70],
but the local accessibility of DNA to transcription factors may
be altered, perhaps increased, in zinc-loaded nucleosomes.
Some transcription factors are known to unwind DNA par-
tially from the histones [71]. The binding of those may be facil-
itated. Others appear to bind to DNA without signiﬁcant
unwinding. Here, the eﬀect may be opposite. Very interest-ingly, in this context, the DNA binding domain of estrogen
receptor – a zinc ﬁnger transcription factor, seems to bind to
the nucleosome just in the region of the dyad axis, and could
thus be particularly susceptible to the structural eﬀect of nucle-
osome-bound Zn(II) [72]. The alteration of DNA binding by
the 114Ala-Lys-Arg-Val-Thr-Ile119 loops may also aﬀect the
distribution of twist defects present in nucleosomes in solution
[73]. The detailed predictions of these structural eﬀects will re-
quire a study on human nucleosomes, as it was demonstrated
that nucleosomal DNA structures vary signiﬁcantly between
species [74]. Other functions of the H3/H3 site will undoubt-
edly emerge along with the progress of studies.5. Conclusion
The spectroscopic results presented above demonstrated that
the nucleosome can bind Co(II) and Zn(II) ions at the zinc ﬁn-
ger-like H3/H3 site, composed of two Cys110 and two His113
residues. Molecular modeling studies demonstrated that the
rearrangement of the protein structure upon metal ion binding,
although minimal, leads to the shielding of the metal ion from
the bulk of the solvent, thus accounting for the observed lack
of reversibility of binding. These features indicate that nucleo-
some is likely to be a physiologically important Zn(II) binding
site, that may share many of its properties with zinc ﬁngers.
Our results provide another proof for the active role of nucle-
osome in cell physiology, extending this concept onto zinc
metabolism.
Acknowledgment: This work was sponsored by the Polish Ministry of
Science, Grant No. 3 T09A 009 26.References
[1] Luger, K., Mader, A.W., Richmond, R.K., Sargent, D.F. and
Richmond, T.J. (1997) Crystal structure of the nucleosome core
particle at 2.8 A resolution. Nature 389, 251–260.
[2] Arents, G., Burlingame, R.W., Wang, B.-C., Love, W.E. and
Moudrianakis, E.N. (1991) The nucleosomal core histone octamer
at 3.1 A resolution: a tripartite protein assembly and a lefthanded
superhelix. Proc. Natl. Acad. Sci. USA 88, 10148–10152.
[3] Vidanes, G.M., Bonilla, C.Y. and Toczyski, D.P. (2005) Compli-
cated tails: histone modiﬁcations and the DNA damage response.
Cell 121, 973–976.
[4] Ding, D. and Allen, F.S. (1980) A circular dichroism study on the
structure of DNA and the nucleosomal core particle using Hg(II)
and Ag(I). Biochim. Biophys. Acta 610, 72–80.
[5] Gelagutashvili, E.S., Mikeladze, I.V. and Sapojnikova, N.A.
(1997) Binding and the nature of Co(II), Ni(II), Zn(II) ion
interaction with nucleosomes. J. Inorg. Biochem. 65, 159–161.
[6] Gelagutashvili, E.S., Sigua, K.I. and Sapojnikova, N.A. (1998)
Binding and the nature of Cu(II) ion interaction with nucleo-
somes. J. Inorg. Biochem. 70, 207–210.
[7] Drouin, R., Rodriguez, H., Gao, S.-W., Gebreyes, Z., O’Connor,
T.R., Holmquist, G.P. and Akman, S.A. (1996) Cupric ion/
ascorbate/hydrogen peroxide-induced DNA damage: DNA-
bound copper ion primarily induces base modiﬁcations. Free
Radical Biol. Med. 21, 261–273.
[8] Lippard, S.J. and Hoeschele, J.D. (1979) Binding of cis- and trans-
dichlorodiammineplatinum(II) to the nucleosome core. Proc.
Natl. Acad. Sci. USA 76, 6091–6095.
[9] Marx, K.A., Kruger, R. and Clarke, M.J. (1989) Binding of the
transition metal ion [(H2O)(NH3)5Ru(II)]
2+ to nucleosomal core
and internucleosomal DNA. Mol. Cell. Biochem. 86, 155–162.
[10] Bal, W. and Kasprzak, K.S. (1997) Modeling the metal bind-
ing sites in core histones: interactions of carcinogenic nickel with
M. Adamczyk et al. / FEBS Letters 581 (2007) 1409–1416 1415the –CAIH– motif of histone H3 in: Cytotoxic, Mutagenic and
Carcinogenic Potential of Heavy Metals Including Metals Related
to Human Environment (Hadjiliadis, N., Ed.), NATO ASI Series,
pp. 107–121, Kluwer, Dordrecht.
[11] Suto, R.K., Clarkson, M.J., Tremethick, D.J. and Luger, K.
(2000) Crystal structure of a nucleosome core particle containing
the variant histone H2A.Z. Nat. Struct. Biol. 7, 1121–1124.
[12] Bal, W., Je_zowska-Bojczuk, M., Lukszo, J. and Kasprzak, K.S.
(1995) Interactions of nickel(II) with histones. Stability and
solution structure of complexes with CH3CO-Cys-Ala-Ile-His-
NH2, a putative metal binding sequence of histone H3. Chem.
Res. Toxicol. 8, 683–692.
[13] Bal, W., Lukszo, J. and Kasprzak, K.S. (1996) Interactions of
nickel(II) with histones: Enhancement of 2 0-deoxyguanosine
oxidation by Ni(II) complexes with CH3CO-Cys-Ala-Ile-His-
NH2, a putative metal binding sequence of histone H3. Chem.
Res. Toxicol. 9, 435–440.
[14] Bal, W., Lukszo, J., Bialkowski, K. and Kasprzak, K.S. (1998)
Interactions of nickel(II) with histones: interactions of Ni(II) with
CH3CO-Thr-Glu-Ser-His-His-Lys-NH2, a peptide modeling the
potential metal binding site in the ‘‘C-tail’’ region of histone H2A.
Chem. Res. Toxicol. 11, 1014–1023.
[15] Bal, W., Liang, R., Lukszo, J., Lee, S.-H., Dizdaroglu, M. and
Kasprzak, K.S. (2000) Ni(II) speciﬁcally cleaves the C-terminal
tail of the major variant of histone H2A and forms an oxidative
damage-mediating complex with the cleaved octapeptide. Chem.
Res. Toxicol. 13, 616–624.
[16] Bal, W., Karantza, V., Moudrianakis, E.N. and Kasprzak, K.S.
(1999) Interactions of nickel(II) with the histone core tetramer
in vitro. Arch. Biochem. Biophys. 364, 161–166.
[17] Karaczyn, A.A., Bal, W., North, S.L., Bare, R.M., Hoang, V.M.,
Fisher, R.J. and Kasprzak, K.S. (2003) The octapeptidic end of
the C-terminal tail of histone H2A is cleaved-oﬀ in cells exposed
to carcinogenic Ni(II). Chem. Res. Toxicol. 16, 1555–1559.
[18] Mylonas, M., Kre˛ _zel, A., Plakatouras, J.C., Hadjiliadis, N. and
Bal, W. (2004) Interactions of Zn(II) ions with three His-
containing peptide models of histone H2A. Bioinorg. Chem.
Appl. 2, 125–140.
[19] Lambert, S.J., Nicholson, J.M., Chantalat, L., Reid, A.J.,
Donovan, M.J. and Baldwin, J.P. (1999) Puriﬁcation of histone
core octamers and 2.15 angstrom X-ray analysis of crystals in KCl
phosphate. Acta Crystallogr. D 55, 1048–1051.
[20] Muthurajan, U.M., Bao, Y., Forsberg, L.J., Edayathumangalam,
R.S., Dyer, P.N., White, C.L. and Luger, K. (2004) Crystal
structures of histone Sin mutant nucleosomes reveal altered
protein–DNA interactions. EMBO J. 23, 260–271.
[21] Maret, W. (2004) Exploring the zinc proteome. J. Anal. At.
Spectrom. 19, 15–19.
[22] Saavedra, R.A. (1986) Histones and metal-binding domains.
Science 234, 1589, and Berg, J.M., Response, same page.
[23] Saavedra, R.A. (1988) On transition metal ions and protein
interactions in chromatin. BioEssays 8, 32–34.
[24] Magyar, J.S. and Godwin, H.A. (2003) Spectropotentiometric
analysis of metal binding to structural zinc-binding sites: account-
ing quantitatively for pH and metal ion buﬀering eﬀects. Anal.
Biochem. 320, 39–54.
[25] Krizek, B.A., Merkle, D.L. and Berg, J.M. (1993) Ligand
variation and metal ion binding speciﬁcity in zinc ﬁnger peptides.
Inorg. Chem. 32, 937–940.
[26] Witkiewicz-Kucharczyk, A. and Bal, W. (2006) Damage of zinc
ﬁngers in DNA repair proteins, a novel molecular mechanism in
carcinogenesis. Toxicol. Lett. 162, 29–42.
[27] Maret, W. and Vallee, B.L. (1993) Cobalt as probe and label of
proteins. Meth. Enzymol. 226, 52–71.
[28] O’Neill, L.P. and Turner, B.M. (1995) Histone H4 acetylation
distinguishes coding regions of the human genome from hetero-
chromatin in a diﬀerentiation-dependent but transcription-inde-
pendent manner. EMBO J. 14, 3946–3957.
[29] Maniatis, T., Fritsch, E.F. and Sambrook, J. (1982) Molecular
Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, NY.
[30] Nilges, M., Clore, G.M. and Gronenborn, A.M. (1988) Determi-
nation of three-dimensional structures of proteins from interpro-
ton distance data by dynamical simulated annealing from a
random array of atoms. FEBS Lett. 239, 129–136.[31] Nilges, M., Kuszewski, J. and Brunger, A.T. (1991) Sampling
properties of simulated annealing and distance geometry in:
Computational Aspects of the Study of Biological Macromole-
cules by NMR (Hoch, J.C., Ed.), pp. 451–455, Plenum Press, New
York.
[32] Heinz, U., Kiefer, M., Tholey, A. and Adolph, H.-W. (2005) On
the competition for available zinc. J. Biol. Chem. 280, 3197–
3207.
[33] Chantalat, L., Nicholson, J.M., Lambert, S.J., Reid, A.J.,
Donovan, M.J., Reynolds, C.D., Wood, C.M. and Baldwin, J.P.
(2003) Structure of the histone-core octamer in KCl/phosphate
crystals at 2.15 A˚ resolution. Acta Crystallogr. D 59, 1395–1407.
[34] Koradi, R., Billeter, M. and Wu¨thrich, K. (1996) MOLMOL: a
program for display and analysis of macromolecular structures. J.
Mol. Graphics 14, 51–55.
[35] Bryan, S.E., Vizard, D.L., Beary, D.A., LaBiche, R.A. and
Hardy, K.J. (1981) Partitioning of zinc and copper within
subnuclear nucleoprotein particles. Nucl. Acid Res. 9, 5811–5823.
[36] Makinen, M.W., Hill, S.C., Zeppezauer, M., Little, C.L. and
Burdett, J.K. (1987) Molecular spectroscopy of high-spin Co(II).
Polarized single crystal electronic absorption spectra of structur-
ally deﬁned tetracoordinate complexes with sulfur-donor ligands.
J. Am. Chem. Soc. 109, 4072–4081.
[37] Lever, A.B.P. (1985) Inorganic Electronic Spectroscopy, 2nd edn,
Elsevier, Amsterdam.
[38] Kopera, E., Schwerdtle, T., Hartwig, A. and Bal, W. (2004) Co(II)
and Cd(II) substitute for Zn(II) in the zinc ﬁnger derived from the
DNA repair protein XPA, demonstrating a variety of potential
mechanisms of toxicity. Chem. Res. Toxicol. 17, 1452–1458.
[39] Buchsbaum, J.C. and Berg, J.M. (2000) Kinetics of metal binding
by a zinc ﬁnger peptide. Inorg. Chim. Acta 297, 217–219.
[40] Hancock, J.M. (2004) A bigger mouse? The rat genome unveiled.
BioEssays 26, 1039–1042.
[41] The National Human Genome Research Institute webpage, http://
www.genome.gov/.
[42] Alberts, D., Bray, D., Lewis, L., Raﬀ, M., Roberts, K. and
Watson, J.D. (1994) Molecular Biology of the Cell, 3rd edn,
Garland Science Publishing, New York, pp. 335–399.
[43] Korchev, Y.E., Gorelik, J., Lab, M.J., Sviderskaya, E.V.,
Johnston, C.L., Coombes, C.R., Vodyanoy, I. and Edwards,
C.R.W. (2000) Cell volume measurement using scanning ion
conductance microscopy. Biophys. J. 78, 451–457.
[44] Outten, C.E. and O’Halloran, T.V. (2001) Femtomolar sensitivity
of metalloregulatory proteins controlling zinc homeostasis. Sci-
ence 292, 2488–2492.
[45] O’Halloran, T.V., personal communication.
[46] Bryan, S.E., Guy, A.L. and Hardy, K.J. (1974) Metal constituents
of chromatin. Interaction of mercury in vivo. Biochemistry 13,
313–319.
[47] Bryan, S.E., Lambert, C., Hardy, K.J. and Simons, S. (1974)
Intranuclear localization of mercury in vivo. Science 186, 832–833.
[48] Rozalski, M. and Wierzbicki, R. (1983) Eﬀect of mercuric
chloride on cultured rat ﬁbroblasts: survival, protein biosynthesis
and binding of mercury to chromatin. Biochem. Pharmacol. 32,
2124–2126.
[49] Bryan, S.E., Simons, S.J., Vizard, D.L. and Hardy, K.J. (1976)
Interactions of mercury and copper with constitutive heterochro-
matin and euchromatin in vivo and in vitro. Biochemistry 15,
1667–1676.
[50] Lewis, P.N. and Chiu, S.S. (1980) Eﬀect of histone H3 sulfhydryl
modiﬁcations on histone–histone interactions and nucleosome
formation and structure. Eur. J. Biochem. 109, 369–376.
[51] Prior, C.P., Cantor, C.R., Johnson, E.M., Littau, V.C. and
Allfrey, V.G. (1983) Reversible changes in nucleosome structure
and histone H3 accessibility in transcriptionally active and
inactive states of rDNA chromatin. Cell 34, 1033–1042.
[52] Johnson, E.M., Sterner, R. and Allfrey, V.G. (1987) Altered
nucleosomes of active nucleolar chromatin contain accessible
histone H3 in its hyperacetylated forms. J. Biol. Chem. 262, 6943–
6946.
[53] Hake, S.B. and Allis, C.D. (2006) Histone H3 variants and their
potential role in indexing mammalian genomes: The ‘‘H3 barcode
hypothesis’’. Proc. Natl. Acad. Sci. 103, 6428–6435.
[54] Tohyama, C., Suzuki, J.S., Hemelraad, J., Nishimura, N. and
Nishimura, H. (1993) Induction of metallothionein and its
1416 M. Adamczyk et al. / FEBS Letters 581 (2007) 1409–1416localization in the nucleus of rat hepatocytes after partial
hepatectomy. Hepatology 18, 1193–1201.
[55] Nagel, W.W. and Vallee, B.L. (1995) Cell cycle regulation of
metallothionein in human colonic cancer cells. Proc. Natl. Acad.
Sci. USA 92, 579–583.
[56] Cherian, M.G. and Apostolova, M.D. (2000) Nuclear localization
of metallothionein during cell proliferation and diﬀerentiation.
Cell. Mol. Biol 46, 347–356.
[57] Nagano, T., Itoh, N., Ebisutani, C., Takatani, T., Miyoshi, T.,
Nakanishi, T. and Tanaka, K. (2000) The transport mechanism of
metallothionein is diﬀerent from that of classical NLS-bearing
protein. J. Cell. Physiol. 185, 440–446.
[58] Woo, E.S., Dellapiazza, D., Wang, A. and Lazo, J. (2000) Energy-
dependent nuclear binding dictates metallothionein localization.
J. Cell. Physiol. 182, 69–76.
[59] Nagamine, T., Kusakabe, T., Takada, H., Nakazato, K., Sakai,
T., Oikawa, M., Satoh, Y. and Arakawa, K. (2006) Interferonb-
induced changes in metallothionein expression and subcellular
distribution of zinc in HepG2 cells. Cytokine 34, 312–
319.
[60] Castro, C.E., Armstrong-Major, J. and Ramirez, M.E. (1986)
Diet-mediated alteration of chromatin structure. Fed. Proc. 45,
2394–2398.
[61] Maret, W. (2004) Zinc and sulfur: a critical biological partnership.
Biochemistry 43, 3301–3309.
[62] Maret, W. (2006) Zinc coordination environments in proteins as
redox sensors and signal transducers. Antiox. Redox Sign. 8,
1420–1433.
[63] Weichsel, A., Brailey, J.L. and Montfort, W.R. (2007) Buried S-
nitrosocysteine revealed in crystal structures of human thiore-
doxin. Biochemistry 46, 1219–1227.
[64] Feng, W., Cai, J., Pierce, W.M., Franklin, R.B., Maret, W., Benz,
F.W. and Kang, Y.J. (2005) Metallothionein transfers zinc tomitochondrial aconitase through a direct interaction in mouse
hearts. Biochem. Biophys. Res. Commun. 332, 853–858.
[65] Banci, L., Bertini, I., Cantini, F., Felli, I.C., Gonnelli, L.,
Hadjiliadis, N., Pierattelli, R., Rosato, A. and Voulgaris, P.
(2006) The Atx1–Ccc2 complex is a metal-mediated protein–
protein interaction. Nat. Chem. Biol. 2, 367–368.
[66] Hartwig, A. (2001) Zinc ﬁnger proteins as potential targets for
toxic metal ions: diﬀerential eﬀects on structure and function.
Antiox. Redox Signal. 3, 625–634.
[67] Bal, W., Schwerdtle, T. and Hartwig, A. (2003) Mechanism of
nickel assault on the zinc ﬁnger of DNA repair protein XPA.
Chem. Res. Toxicol. 16, 242–248.
[68] Muthurajan, U.M., Park, Y.-J., Edayathumangalam, R.S., Suto,
R.K., Chakravarthy, S., Dyer, P.N. and Luger, K. (2003)
Structure and dynamics of nucleosomal DNA. Biopolymers 68,
547–556.
[69] Richmond, T.J. and Davey, C.A. (2003) The structure of DNA in
the nucleosome core. Nature 423, 145–150.
[70] Zheng, C. and Hayes, J.J. (2002) Structures and interactions of
the core histone tail domains. Biopolymers 68, 539–546.
[71] Vitolo, J.M., Yang, Z., Basavappa, R. and Hayes, J.J. (2004)
Structural features of transcription factor IIIA bound to a
nucleosome in solution. Mol. Cell. Biol. 24, 697–707.
[72] Bishop, T.C., Kosztin, D. and Schulten, K. (1997) How hormone
receptor-DNA binding aﬀects nucleosomal DNA: the role of
symmetry. Biophys. J. 72, 2056–2067.
[73] Edayathumangalam, R.S., Weyermann, P., Dervan, P.B., Got-
tesfeld, J.M. and Luger, K. (2005) Nucleosomes in solution exist
as a mixture of twist-defect states. J. Mol. Biol. 345, 103–114.
[74] Tsunaka, Y., Kajimura, N., Tate, S. and Morikawa, K. (2005)
Alteration of the nucleosomal DNA path in the crystal structure
of a human nucleosome core particle. Nucl. Acids Res. 33, 3424–
3434.
